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We report on thermoelectric and resitivity measurements in the antiferromagnetic heavy fermion com-
pound YRh2Si2 at low temperatures and under high magnetic field. At low temperature, the thermoelectric
power and the resistivity present several distinct anomalies as a function of field H ‖ [110]. A first anomaly
appears at 3.5 T and a cascade of transitions above around H0 ∼ 9.5 T when the magnetic polarization
reaches a critical value. The anomalies at H0 are accompanied with a change of sign of the thermoelectric
power from negative at low magnetic field (H < H0) to positive at high field (H > H0) and are resulting
from a Lifshitz-type topological transition of the Fermi surface. This field induced transition will be com-
pared to the well characterized Fermi surface change in CeRu2Si2 at its pseudo-metamagnetic transition.
Heavy fermion compounds are recognized as key mate-
rials to study magnetic or valence quantum criticality.1, 2
Their low characteristic energy scale can be easily tuned
by pressure or magnetic field. However, the electronic
structure of these compounds is rather complicated and
generally several bands are formed at the Fermi level.
The flatness of the renormalized bands near the Fermi
energy driven by the local character of the 4f electrons
adds the possibility of Fermi surface reconstructions un-
der magnetic field either by crossing the magnetic quan-
tum criticality or entering into the high magnetic field
Zeeman regime with a decoupling of majority and mi-
nority spin bands.3
Controversy still exists on the feedback between mag-
netic quantum criticality and Fermi surface instabilities.
Basic questions on the theoretical modeling of quan-
tum criticality are differently discussed. For example, in
the spin-fluctuation approach, at first approximation the
Fermi surface is assumed invariant on crossing an antifer-
romagnetic quantum critical point. The CeRu2Si2 series
is considered as an excellent example for this model.2, 4
In difference in the local criticality approach, Kondo
break-down5–7 has been involved with a drastic change
of the Fermi surface from a small Fermi surface in the
magnetically ordered state to a large Fermi surface in
the paramagnetic heavy fermion state.8 A archetype ex-
ample of this scenario may be the heavy fermion com-
pound YbRh2Si2 which orders antiferromagnetically be-
low TN = 0.07 K.
9 This antiferromagnetic order is sup-
pressed by a tiny magnetic field of Hc = 0.066 T in the
basal plane of the tetragonal crystal and a Fermi liquid
behavior is restored above Hc. Experimentally, the indi-
cations of an abrupt Fermi surface reconstruction at Hc
are ambiguous as the huge value of the effective mass
and the relative weakness of the critical field prevent di-
rect quantum oscillations experiments through Hc. Only
macroscopic quantities like the Hall effect8, 10 give some
evidences for the reconstruction. However, this allows not
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a straightforward determination of Fermi surface proper-
ties in this multiband system. The calculated Fermi sur-
faces of YbRh2Si2 consist of three main sheets, a hole-like
surface centered at the Z point which has strong f char-
acter, a second rather complex, multiconnected Fermi
surface having both, electron and hole like contributions,
and a small Γ centered electron pocket.11–15
In the present study we focus on the magnetic-field
induced anomalies at around H0 ≈ 9.5 T applied along
[110], i. e. much higher fields than Hc. Above H0 the spe-
cific heat coefficient γ and the A coefficient of the resistiv-
ity decreases significantly and the magnetization reaches
an almost constant value near 0.9 µB/mole Yb.
11, 16, 17
Fermi surface measurements by de Haas van Alphen
(dHvA) technique have shown a strong variation of the
observed frequencies originating from the hole like Fermi
surface through H0 ≈ 9.5 T.13, 18 While first a suppres-
sion of the local Kondo effect and a de-renormalisation
of the quasiparticles occuring through H0 have been pro-
posed,17 the changes of the dHvA frequencies have been
interpreted in terms of a Lifshitz transition of the spin-
splitted majority spin branch.13, 18 A recent band struc-
ture calculation using the renormalized band method
concludes that the transition through H0 results from a
van-Hove-type structure in the density of states which
moves with field through the Fermi level and drives
a redistribution of the quasiparticles between different
Zeeman-split Fermi surface sheets.14, 15
In this article we report on detailed thermoelectric
power (TEP) and magnetoresistivity measurements in
YbRh2Si2 under magnetic field through H0. As will be
shown, several distinct anomalies in the TEP appear un-
der magnetic field which originate from Fermi surface
modifications. The high sensitivity of TEP to detect a
topological electronical transitions is well established.19
The TEP is linked to the logarithmic derivative of the
electronic conductivity σ(ǫ) at the Fermi level ǫF
S = −π
2k2BT
3e
(
∂ lnσ(ǫ)
∂ǫ
)
ε=ǫF
(1)
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It contains two terms related to transport and thermo-
dynamic properties of the conduction electron20
S = −π
2k2BT
3e
(
∂ ln τ(ǫ)
∂ǫ
+
∂ lnN(ǫ)
∂ǫ
)
, (2)
τ(ǫF) and N(ǫF) being the relaxation time and the
DOS of the quasiparticles at the Fermi level, respec-
tively. Enhancement occurs for both terms proportional
to −∂ lnN(ǫ)/∂ǫ.21 This derivative dependence differs
from the specific heat response which is proportional to
N(ǫ) at low temperature. It may even lead to a change
of sign of the TEP as its sign does not depend on that
of the velocity but only on the curvature of the quasi-
particle band. Despite this rather ”complex” response,
it has been observed that at very low temperature the
TEP is commonly positive for Ce heavy fermion com-
pounds in agreement with the Kondo picture while it
is negative for Yb heavy fermion compounds.22 Further-
more, at T → 0 K, the ratio of the TEP by the Som-
merfeld coefficient γ in SI units defines a dimensionless
quantity q inversely proportional to the heat carrier num-
ber22 q = S
T
Nave
γ
where Nav is the Avogadro number. An
additional point is that heavy fermion compounds are
multiband systems and the TEP power is the sum of the
contributions of each subband weighted by their relative
conductivity S =
∑
i
σi
σ
Si.
21
The observed field dependence of the TEP in
YbRh2Si2 will be compared to that of the well character-
ized case of CeRu2Si2 at its pseudo-metamagnetic tran-
sition at Hm = 7.8 T. At Hm a drastic reconstruction of
the Fermi surface occurs,23, 24 which is now characterized
as a Lifshitz-type anomaly with a continuous shrinking
of one spin-split majority Fermi surface until it is driven
below the Fermi surface at Hm.
3 This transition is ac-
companied with sharp extrema in the field dependence
of the TEP.25–27
TEP and magnetoresistivity experiments have been
performed on the same whisker-like out of In flux grown
single crystal of YbRh2Si2 with dimensions of 4.3 mm
x 0.15 mm x 0.15 mm. The magnetic field is applied
along [110] of the tetragonal crystal and heat or charge
current perpendicular to the field along [11¯0], which cor-
responds to the long axis of the crystal. The high qual-
ity of the single crystal is confirmed by the observation
of Shubnikov de Haas oscillations above 10 T. TEP ex-
periments have been performed by a one heater, two
thermometers set-up in a dilution refrigerator down to
120 mK and up to 16 T. Thermometers and heater are
thermally decoupled from the sample holders by highly
resistive manganin wires. Resistivity measurements have
been performed down to 30 mK and fields up to 13 T by
a four point lock-in technique using a low temperature
transformer. In this paper we do not focus on the field
suppression of the antiferromagnetic order at Hc.
Figure 1 (a) shows the field dependence of the TEP of
YbRh2Si2 at various temperatures from 120 mK up to
880 mK. The field response of the TEP is rather com-
plex. Clearly several anomalies appear between 0 and
16 T. All signatures in the TEP gets sharper with low-
ering the temperature. At H ≈ 3.5 T S(H) increases
steplike and around H ≈ 10 T at least four sharp max-
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Fig. 1. (Color online) Thermoelectric power S of YRh2Si2 for
J‖[11¯0] andH‖[110] as a function of magnetic field for temperatures
(a) below and (b) above 900mK. At very low temperature, at least
seven extrema can be resolved near H0 corresponding to a change
of sign of the TEP. With increasing temperature above 1 K the
extrema get less pronounced and broaden. At high temperatures,
S stays negative on all the field range. The inset shows the field
dependence of the A coefficient of the resistivity.11
ima appear. The step-like anomaly at H ≈ 3.5 T is quite
different from the extrema observed in the field range
(9 T - 12 T) around H0. It may be connected to a dras-
tic change in the interplay between inter-site magnetic
correlations and the on-site local Kondo fluctuations as
shown in the inset of Fig. 1 (a) which displays the field
dependence of A(H). Next we focus on the anomalies
around H0. Remarkably, the sign of the TEP changes
from negative (H < H0) to positive (H > H0). With
increasing temperature above 1 K the extrema get less
pronounced and broaden (see Fig. 1 (b)). As indicated
in the inset of Fig. 1 (a) the A coefficent of the resistiv-
ity (
√
A ∝ γ, the Sommerfeld coefficient of the specific
heat) has a sharp maximum at Hc ≈ 70 mT and de-
creases continuously as the field increases with a drastic
drop through H0.
Another remarkable feature is presented in the mag-
netoresistivity ρ(H) shown in Fig. 2, which displays also
several anomalies crossing through H0. The fields of the
anomalies (extrema and inflection points) in ρ(H) coin-
cide perfectly with the sharp anomalies in the TEP. The
inflection point of the drop of ρ(H) at low fields defines
the highly discussed crossover scale T ⋆.9, 10 At H ∼ 3.5 T
the step in the TEP corresponds to a kink in ρ(H). The
inset in Fig. 2 displays ρ(H) for different temperatures
around H0 in an enlarged view and the smearing of the
2
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Fig. 2. (Color online) Thermoelectric power S and magnetore-
sistance ρ(H) of YRh2Si2 forH‖[110] and J‖[11¯0] in the basal plane
as a function of magnetic field measured at 120 mK and 30 mK
respectively. All the different anomalies (extrema and inflection
points) are indicated by double-vertical arrows underlying the ex-
cellent agreement between TEP and resistivity measurements. The
inset shows the ρ(H) at various temperatures in the field range
around H0 in an enlarged view.
anomalies with increasing temperature is clearly demon-
strated. This indicates that the anomalies are driven by
Fermi surface instabilities.
Figure 3 shows the temperature dependence of the
TEP divided by the temperature S/T at various fields
on a broad temperature range from 120 mK up to 5 K.
At zero field the TEP shows clearly a logarithmic in-
crease on cooling down to the lowest temperature of our
experiment of 120 mK (see inset of Fig. 3) due to the
non Fermi liquid behavior in agreement with the previ-
ous reports.28, 29 However, below 100 mK S/T has been
observed to drop down abruptly in the low field regime
H 6 Hc, while it gets constant only in the Fermi liq-
uid regime H > Hc.
28–30 Enhanced values of S/T have
been reported for a few heavy-fermion systems and are
considered to be in close relation to the strongly en-
hanced specific heat in these systems on approaching
the magnetic quantum criticality.22 When approaching
the critical field Hc of YbRh2Si2 from the high field side
(H > Hc) the A-coefficient of the T
2 term to ρ(T ) (inset
Fig. 1) and the γ value are strongly increasing. Inter-
estingly the temperature dependence of the TEP in the
intermediate temperature regime of 120 mK to 1 K taken
at the maximum of S at H = 11.5 T (just above H0) is
quite comparable, despite the opposite sign of the TEP
at low temperature, to that measured at H = 0 in the
same T regime. However, here the − logT behavior is
not a precursor of the proximity of magnetic quantum
criticality but linked to the Zeeman instability of the
renormalized bands.
The results of the TEP measurements are summarized
in the color plot Fig. 4 which shows S(T,H) in an (H,T )
phase diagram. In addition the positions of the critical
fields of the magnetoreistance are indicated. S is neg-
ative at low fields as expected for a Yb based heavy
fermion compound. On approaching H0 the sign of the
TEP changes from negative to positive. As indicated in
Fig. 4 (b) the position H0 is obviously well defined at low
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Fig. 3. (Color online) Thermoelectric power divided by the tem-
perature S/T of YRh2Si2 for J‖[11¯0] and H‖[110] as a function
of temperature for different magnetic fields. The inset shows that
S/T for H = 0 T and 11.5 T show a logarithmic temperature
dependence over more than one decade.
temperatures and will move only at temperatures above
900 mK.
In agreement with dHvA experiments13, 18 it is clear
that the topological electronic instability concerns sev-
eral subbands as marked by the cascade of maxima in
the field range from 9.5 T to 12 T. In previous dHvA ex-
periments several orbits from the Z centered hole Fermi
surface which has predominant f character have been
observed, while only one orbit of the ”J” sheet has been
detected above 13 T. It is also reasonable to believe that
in TEP the major signal above H0 will come from this
hole Fermi surface while the negative sign of the TEP
below H0 indicates electronic main charge carriers. This
abrupt change of the main heat carriers is a clear signa-
ture of the topological change of the Fermi surface.
It is worthwhile to compare the field variation of the
TEP of YbRh2Si2 through H0 with the results obtained
for CeRu2Si2 at the pseudo-metamagnetic transitionHm.
Figure 5 shows the respective field dependence of S/T
and γ for both compounds. In both cases a distinct mod-
ification of the Fermi surface occurs, when the magnetic
polarization of the 4f electrons reaches a critical value.
The simplest image is that the cross section of the ma-
jority spin band increases leading to an instability on ap-
proaching the Brillouin zone and thus drive the electronic
transition. Both systems, CeRu2Si2 and YbRh2Si2, are
compensated metals with rather large Fermi surfaces.
In CeRu2Si2 only one extremum of S/T is detected.
Here, the pseudo-metamagnetic transition is associated
to huge magnetostriction effect (∆V/V ∼ 10−3) while
in YbRh2Si2 the feedback with the volume change is far
weaker (∼ 10−5) and occurs over a large H region. Fur-
thermore as in CeRu2Si2 the pseudo-metamagnetic field
Hm ∼ 7.8 T is near the value of the metamagnetic critical
end field (H⋆c ∼ 4 T),31 antiferromagnetic, ferromagnetic
and local interactions are strongly interfering atHm lead-
ing to a huge enhancement of the γ value at Hm. In dif-
ference, in YbRh2Si2, H0 is strongly decoupled from the
critical field Hc of the collapse of the antiferromagnetic
3
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Fig. 4. (Color online) Linear color map of the thermoelectric
power in the (H, T ) plane for temperature between 120 mK and
5 K (a) and between 120 mK and 900 mK (b). Superimposed on the
plot are the values of the different anomalies in resistivity (black
circles). The low field anomaly correspond to T ⋆, the position of
the critical field H0 corresponding to a change of sign in the TEP
at low temperature and a maximum in the resistivity is emphasized
(dashed line).
order, thus it is possible to separate different instabilities,
the antiferromagnetic and the Zeeman driven ones.
As in YbRh2Si2 the ratio H0/Hc ∼ 102, the main
mechanism which gives the mass renormalization is the
Kondo lattice effect as shown by the proportionality of
the energy scales of the Kondo temperature (TK ∼ 25 K)
and H0. The collapse of the magnetic interactions and
thus the suppression of the magnetic quantum critical-
ity under field leads to a γ term of roughly 300 mJ/mol
K2 before droping at H0. Extrapolating to H = 0 by
neglecting the magnetic correlations suggests a Sommer-
feld coefficient near 670 mJ/mol K2.15 Let us remark
that (i) the mass enhancement at the quantum criti-
cal point γ(Hc)/γ(H = 0) never exceeds a strong fac-
tor (2 or 3), (ii) the equivalence of the Kondo and Zee-
man scales kBTK ∼ gµBH0 suggests that the Zeeman
decoupling will appear at a critical value of the mag-
netization by the Kondo effect, assuming the suscep-
tibility χ ∝ 1/TK and thus a constant magnetization
M0 ∝ H0/TK ∼ const. Experimentally, an almost con-
stant magnetizationM0 ∼ 0.9µB in YbRh2Si2 is achieved
above H0.
17 At least there is clearly a critical size of the
magnetic polarization where a Fermi surface instability
occurs and this may drive the huge decrease of the mass
renormalization and γ above H0.
Finally we want to underline the interest of macro-
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Fig. 5. (Color online) (a) Field dependence (H ‖ [11¯0]) of S/T
and specific heat coefficient γ (taken from Ref.17) (right axis) of
YbRh2Si2 as function of field H the normalized to H0 = 9.65 T
(left axis). (b) Field dependence (H ‖ c) of S/T (taken from ref. 26)
and γ (see ref. 31) of CeRu2Si2 normalized to the metamagnetic
transition at Hm = 7.8 T. Let us remark that the size of the
Lifshitz anomaly between the two cases scales roughly with their
differences in the initial γ values.
scopic probes like TEP as they are able to detect fine
structures in continuous field scans while quantum oscil-
lations experiments require a finite field window to detect
by Fourier transformation a change in frequency.
Recent theoretical developments on the role of the Zee-
man energy to drive a Lifshitz transition have been re-
ported.32, 33 A specific study on the YbRh2Si2 case has
been realized by looking to the magnetic field induced
changes of the heavy quasiparticle described in realis-
tic renormalized band model.15 As observed here, the
anomalies at H0 ∼ 9.5 T result from a van Hove singu-
larity in the DOS which appears below the Fermi level at
H = 0 which can be revealed in magnetic field. It is this
combined effect of local many body effects and coherence
given by the periodicity of the lattice which produces this
van Hove singularity.15 However the present theoretical
work in magnetic field is restricted to the analysis of the
quasiparticle density of states, a further step will be to
indicated the Fermi surface change.34
In conclusion we showed that TEP is an excellent
probe to detect topological transitions of the Fermi sur-
face. We observed in YbRh2Si2 several sharp anomalies
in the field dependence of the TEP which has been in-
terpreted as topological Lifshitz transitions. This transi-
tions appear when the magnetization reaches a critical
value as it has been previously established for CeRu2Si2.
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